Doppler color flow mapping of simulated in vitro regurgitant jets: Evaluation of the effects of orifice size and hemodynamic variables  by Simpson, Iain A. et al.
JACC Vol. 13. No. 5 
April 1989: 1195-207 
1195 
SEMINAR ON IN VITRO STUDIES OF CARDIAC FLOW AND THEIR 
APPLICATIONS FOR CLINICAL DOPPLER ECHOCARDIOGRAPHY-IV” 
David J. Sahn, MD, FACC, Ajit P. Yoganathan, PHD, Guest Editors 
Doppler Color Flow Mapping of Simulated in Vitro Regurgitant Jets: 
Evaluation of the Effects of Orifice Size and Hemodynamic Variables 
IAIN A. SIMPSON, MD, LILLIAM M. VALDES-CRUZ, MD, FACC, DAVID J. SAHN, MD, FACC, 
AZUCENA MURILLO, MD, TADASHI TAMURA, PHD, KYUNG J. CHUNG, MD, FACC 
La Jolla, California 
The spatial distribution of simulated regurgitant jets imaged 
by Doppler color Row mapping was evaluated under con- 
stant flow and pulsatile flow conditions. Jets were simulated 
through latex tubings of 3.2, 4.8, 6.35 and 7.9 mm by 
varying flow rates from 137 to 1,260 cclmin. Color jet area 
was linearly related to flow rate at each orifice (r = 0.96, 
SEE = 3.4; r = 0.99, SEE = 1.6; r = 0.97, SEE = 2.3; r = 
0.97, SEE = 3.2, respectively), but significantly higher flow 
rates were required to maintain the same maximal spatial 
distribution of the jet at the larger regurgitant orifices. 
Constant flow jets were also simulated through needle 
orifices of 0.2,0.5 and 1 mm, with a known total volume (5 
cc) injected at varying flow rates and with differing absolute 
volumes injected at the same flow rate (0.2, 1.0 and 2.0 
cc/s, respectively). Again, maximal color jet area was 
linearly related to flow rate at each orifice (r = 0.97, SEE = 
2.3; r = 0.97, SEE = 2.4; r = 0.92, SEE = 3.9, respec- 
tively), but was not related to the absolute volume of 
regurgitation. Color encoding of regurgitant jets on Dopp- 
ler color flow maps was demonstrated to be highly depen- 
dent on velocity and, hence, driving pressure, such that 
color encoding was obtained from a constant flow jet 
injected at a velocity of 4 m/s through an orifice of 0.04 mm 
diameter with flow rates as low as 0.008 cc/s. 
Mitral regurgitant jets were also simulated in a physiologic 
in vitro pulsatile flow model through three prosthetic valves 
with known regurgitant orifice sizes (0.2, 0.6 and 2.0 mm’). 
For each regurgitant orifice size, color jet area at each was 
linearly related to a regurgitant pressure drop (r = 0.98, SEE 
= 0.15; r = 0.97, SEE = 0.20; r = 0.97, SEE = 0.23, 
respectively), regurgitant stroke volume (r = 0.77, SEE = 
0.55; r = 0.94, SEE = 0.30; r = 0.91, SEE = 0.41, 
respectively) and peak regurgitant flow rate (r = 0.98, SEE = 
0.16; r = 0.97, SEE = 0.21; r = 0.93, SEE = 0.37, 
respectively), but the spatial distribution of the regurgitant 
jets was most highly dependent on the regurgitant pressure 
drop. Jet kinetic energy calculated from the summation of the 
individual pixel intensities integrated over the jet area was 
closely related to driving pressure (r = ON), but integration 
of the power mode area times pixel intensities provided the 
best estimation of regurgitant stroke volume (r = 0.80). 
The extreme velocity dependence of color encoding in 
velocity variance mode flow mapping may account for some 
of the difficulties in accurately assessing the volume of 
regurgitation, but the power mode algorithm has potential 
for the quantitative assessment of the volume of valvular 
regurgitation. 
(J Am Co11 Cardiol 1989;13:1195-207) 
The detection of valvular regurgitation was an early and 
remains a commonly applied clinical application of single 
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gate spectral Doppler echocardiography, but the one- 
dimensional nature of the single gate pulsed Doppler tech- 
nique and its localized sampling have made mapping of the 
distribution of regurgitant jets difficult. Therefore, it has not 
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been possible to obtain a quantitatively accurate estimation 
of the severity of regurgitant lesions with this technique (l- 
5). Doppler color flow mapping (6-8) allows an appreciation 
of the spatial distribution of flow velocities in relation to the 
associated anatomic structural details of valve and chamber 
anatomy, such that in patients with valvular heart disease, 
Doppler flow mapping has been suggested to be better suited 
for the assessment of valvular regurgitation. 
Recently, published studies (7-l 1) relating Doppler color 
flow mapping regurgitant jet length, jet width and maximal 
jet area to the severity of valvular disease have varied in 
technique and conclusions and, at best, have resulted in only 
semiquantitative estimation of the severity of valvular insuf- 
ficiency. Preliminary in vitro reports (12,13) have demon- 
strated that, in aortic regurgitation, color jet length is af- 
fected in a major way more by the regurgitant pressure drop 
than by regurgitant volume (12). In addition, although the 
color jet spray area may be related to the regurgitant flow 
rate (13), the hemodynamic determinants of the spatial 
distribution of regurgitant jets on Doppler color flow map- 
ping have not yet been clearly delineated, particularly for 
mitral insufficiency. 
The aims of this study were first to evaluate the relation of 
regurgitant flow rate and regurgitant orifice size to the spatial 
distribution of regurgitant jets simulated under steady flow 
conditions as imaged by Doppler color flow mapping, and to 
assess the relative dependence of color encoding on the volume 
and velocity of regurgitation. Second, our aim was to expand 
on the results from the constant flow model to evaluate the 
hemodynamic determinants of the spatial distribution of regur- 
gitant jets imaged by Doppler color flow mapping in a sophis- 
ticated in vitro pulsatile flow model of mitral insufficiency, and 
to investigate whether particular color flow map algorithms and 
the relation between flow velocities and kinetic energy might 
provide additional information for the noninvasive estimation 
of valvular insufficiency. 
Methods 
Constant Flow Model (varying$ow rate and 
orifice size) 
We simulated regurgitant jets under three different con- 
stant flow conditions in a large unrestricted water bath to test 
the relation of flow rate and orifice size to the spatial 
distribution of jets imaged by Doppler color flow mapping: 1) 
To establish the relation between flow rate and orifice size, 
we used a constant flow pump to simulate regurgitant jet flow 
exiting from latex tubes, which had internal diameters of 3.2, 
4.8, 6.35 and 7.9 mm, respectively, varying flow rate from 
137 to 1,260 cc/min. 2) Using a syringe and needles of known 
internal diameter (0.2,0.5 and 1 mm), we studied the relation 
of flow rate and orifice size through these small diameter 
orifices by simulating regurgitant jets of a known volume (5 
cc) injected at varying flow rates, with a constant pressure of 
Figure 1. Diagram of the pulsatile flow model of mitral insufficiency. 
The positions of the mitral valve (MV) and aortic valve (AV) are 
shown at the inlet and outlet portions of the pump chamber, and the 
pressure transducers (P) immediately distal to the aortic valve and in 
the atrium behind the mitral valve. The ultrasound transducer was 
positioned at the atrial viewing port parallel to regurgitant flow 
coming toward the transducer. 
injection. 3) To evaluate the effect of varying total injected 
volume on the spatial distribution of the maximal regurgitant 
jet area as imaged by Doppler color flow mapping, we also 
simulated regurgitant jets of varying total injected volume 
through the 0.2,0.5 and 1 mm diameter needle orifices while 
maintaining flow rate constant for each orifice at 0.2, 1 .O and 
2.0 cc/s, respectively. For all of these studies, a 0.5% to 2% 
cornstarch particle/water suspension was used to produce 
Doppler-shifted ultrasound reflections with physiologic Dopp- 
ler shift intensities (14). 
Doppler colorflow mapping was performed with use of a 
Toshiba SSH65A imaging system, and a 5 MHz transducer 
aligned to image parallel to the direction of the regurgitant jet 
flow. All images were obtained scanning a single plane at 
constant gain and at 4 kHz pulse repetition frequency, and 
were recorded on XI inch videotape for analysis using a Sony 
Medical Systems model 70G videodigitizing computer and a 
digitizing tablet. Measurement was made of the color jet 
length, jet width and jet area, with an average of three 
measurements taken for each flow state. 
Pulsatile Flow Model (Fig. 1) 
For these experiments, we used a pulsatile flow model 
developed by Medical Engineering Consultants, Los Ange- 
les, California, with a physiologic left ventricular pump 
chamber, a variable distal resistance and a compliant atrium 
(developed by Ann Bolger, MD at Cedars Sinai Medical 
Center, Los Angeles, California). The pump had custom- 
designed plastic trileaflet valves in the mitral and aortic 
positions. As with the constant flow experiments, the pump 
was filled with a 0.5% to 2% cornstarch-water suspension to 
simulate the ultrasound reflectivity of blood. The reservoir 
maintained a constant atria1 filling pressure, and the down- 
stream resistance was adjusted to simulate a physiologic 
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arterial waveform and subsequently maintained constant capability. Results were compared with the hemodynamic 
throughout the study. data obtained from the pulsatile flow model. 
Three prosthetic valves with known rigid regurgitant 
orifices of 0.2, 0.6 and 2.0 mm2 were inserted in the mitral 
position, and the regurgitant orifice was created near the 
base of one of the leaflets, thereby directing the regurgitant 
flow stream centrally within the atria1 chamber. The rigid 
nonelastic leaflets and the central position of the regurgitant 
orifice within the leaflet minimized any potential variation in 
regurgitant orifice size during systolic contraction and pres- 
sure loading. Peak systolic pressure drop across the mitral 
valve was measured with fluid-filled catheters positioned in 
the regurgitant flow stream behind the mitral valve and from 
the arterial pressure transducer immediately distal to the 
pump chamber. For each regurgitant orifice, the pump 
output was varied to produce nine identical left ventricular 
to left atria1 pressure gradients, ranging from 55 to 180 mm 
Hg. Throughout the experiment, “pump heart rate” was 
maintained constant at 80 beats/min and the systolic time 
period was 100 ms so that the duration of systole would be 
constant. The pressure wave was adjusted so that the 
maximal pressure driving the regurgitation persisted long 
enough to be interrogated within a single Doppler color 
frame and to thereby minimize any temporal effects for 
imaging the maximal mitral regurgitant jet. 
Jet dimensions. As with the constant flow model, the 
maximal color jet length, jet width and color jet area were 
measured and recorded as an average of three measurements 
taken. 
Jet Energy 
An assessment of the energy of regurgitant jets can be 
made by summation of assigned individual pixel velocities 
from Doppler color flow map images expressed as an inte- 
gration of pixel intensities over the regurgitant jet area (15). 
To accomplish this, images were digitized into an eight bit 
RGB matrix of the Sony videodigitizing computer system, 
allowing numerical velocity assignment for the blue, red and 
green (turbulent) components of each individual color pixel 
(16,17), with the digital velocity assignment calibrated 
against the on-screen color calibration bar. With two bits 
available for blue, numerical velocity assignments were from 
0 to 3, and with three bits for both red and green, they were 
from 0 to 7. The color data were then reconstructed into a 
numerical velocity assignment map for the red and blue 
velocity components of the pixels in the region of interest 
chosen from the Doppler color flow map image (Fig. 2). 
In this pulsatile model, Doppler color flow mapping was 
performed from the atria1 viewing port of the pump using a 
Toshiba SSH6.5A imaging system, with 3.75 MHz transducer 
directed in line with the mitral regurgitant jet coming toward 
the transducer. All images were obtained in a single imaging 
plane at constant gain and 4 kHz pulse repetition frequency in 
both the velocity variance and power modes. Images were 
recorded on Y4 in. (1.9 cm) videotape for subsequent analysis. 
To determine the maximal velocity of the mitral regurgi- 
tant jet and the velocity time integral for the regurgitant 
flow, continuous wave Doppler interrogation was also per- 
formed from the atrial viewing port with use of an Irex 
system IIIB, with 3.Y2.25 MHz phased array, continuous 
wave Doppler transducer, with the continuous wave Dopp- 
ler spectra (Chirp Z transform spectral analysis) recorded on 
a strip chart recorder. 
Calculated hemodynamic variables: pump model. In addi- 
tion to the left ventricular to left atria1 pressure drop that was 
measured directly within the pulsatile flow model, peak 
regurgitant flow rate (cc/s) and regurgitant stroke volume 
(cc) were calculated from the continuous wave Doppler 
recordings and the known regurgitant orifice area as follows: 
peak flow rate (cc/s) = orifice area (cm2) x peak velocity 
(cm/s); and regurgitant stroke volume (cc) = orifice area 
(cm2) X velocity time integral (cm). 
Image analysis. Systolic images demonstrating the maxi- 
mal spatial jet distribution with visually apparent variance 
were analyzed with use of a Sony Medical Systems model 
70G videodigitizing computer and an on-screen digitizing 
From the “number run” sequences obtained by this 
method, it was possible to visually identi’ and assess spa- 
tially accelerating and decelerating Pow. For example, with 
flow directed toward the transducer, spatially accelerating 
flow could be identified as progressively increasing numerical 
assignments of red, changing or aliasing to decreasing inten- 
sities of blue, starting with the high blue values. Similarly, 
deceleration would be seen as either decreasing red or in- 
creasing aliased blue values associated with the presence of 
significant turbulence. For mitral regurgitant jets, it can be 
assumed that deceleration of the jet occurs after its intrusion 
into the left atria1 cavity, and that the maximal velocity 
measured by continuous wave Doppler occurs at the vena 
contracta of the regurgitant orifice. It was then possible to 
assign an actual velocity value to the individual numbers 
assigned from digital computer analysis by unwrapping the 
aliased spatially decelerating jet; because the Nyquist limit for 
each color alias is known (0.54 m/s), the maximal velocity at 
the orifice was measured by continuous wave Doppler ultra- 
sound and progressive deceleration of the jet from the orifice 
through multiple aliases was assumed (Fig. 2). By visually 
unwrapping the aliasing from the run sequence of numbers, it 
was possible to estimate accurately the maximal velocity from 
the digital velocity maps (mean 2 standard deviation [SD] 
5.4 t 1 .O m/s) as compared with that measured by continuous 
wave Doppler (5.4 2 0.9 m/s, p = NS, r = 0.96). 
Calculation of regurgitant jet area, velocity and volume. 
From the numerical velocity assignment maps, a summation 
of the individually assigned velocity values for the blue and 
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Figure 2. A, Regurgitant jet imaged in the pulsatile flow model by 
Doppler color flow mapping using the velocity variance mode with 
flow coming toward the transducer. The region of interest for digital 
computer analysis is shown. LA = left atrium; LV = left ventricle; 
MV = mitral valve. B, Digital velocity assignment maps for the red 
and blue pixel components from the region of interest in A. From the 
regurgitant orifice, at the lower right in the panels, progressive 
deceleration occurs as identified by the run sequence of red num- 
bers. This decrease in the multiple aliased red intensity reaches a 
value of 1, and we then see subsequent alternation of blue and red 
(arrows) as the aliases unwrap progressively. Note that high red 
numbers decrease numerically before each alias to blue (arrows). 
More rapid deceleration occurs near the orifice where the aliases are 
closer together, with the rate of deceleration decreasing the further 
the jet extends into the atrium. Because the maximal velocity can be 
measured using continuous wave Doppler ultrasound and the Ny- 
quist limit for each alias is known (0.54 m/s), it is possible to assign 
actual velocities to each individual color pixel on the numerical 
velocity assignment maps. 
red color pixels was calculated using higher scale velocity 
equivalents for aliased or multiple aliased areas, integrated 
over the entire regurgitant jet (area times estimated velocity) 
as imaged by Doppler color flow mapping using the velocity 
variance mode. This calculation was performed for each 
regurgitant orifice and pressure drop. A similar integration of 
area times velocity was made after each individual 
RED BLUE 
pixel velocity was squared (area times velocity*). Finally, 
because color intensity using the power mode is not only a 
reflection of the mean pixel velocity, but to a large extent, an 
estimate of the amplitude of the Doppler shift at any loca- 
tion, area times numerical power mode pixel color intensity 
was calculated for the regurgitant jets to evaluate whether 
the inherent amplitude information contained within the 
power mode color flow image data would provide an im- 
proved assessment of the volume of regurgitant flow. 
Statistical analysis. Correlation analyses were performed 
using the Spearman Rank correlation method. Tests of 
statistical significance were performed by nonparametric 
analysis (paired Wilcoxon). Multivariate analysis of the 
hemodynamic data was performed and expressed as the 
proportion of statistical variability of the regurgitant jet 
dimensions imaged by Doppler color flow mapping ac- 
counted for by the measured hemodynamic variables. 
Results 
Constant Flow Model 
The simulated regurgitant jets imaged by Doppler color 
flow mapping were highly reproducible under all constant 
flow conditions studied. Less than 6% variability was deter- 
JACC Vol. 13. No. 5 
April 1989: 1195-207 
SIMPSON ET AL. 1199 
DOPPLER COLOR FLOW MAPPING OF REGURGITANT JETS 
Table 1. Results of Linear Regression Analysis for Comparison of Jet Length and Width With Flow Rate in the Constant 
Flow Experiment 
Jet Length (cm) Versus Flow Rate Jet Width (cm) Versus Flow Rate 
Y=AX+B r SEE Y=AX+B r SEE 
_ 
Latex tube (mm) 
3.2 
4.8 
6.35 
7.9 
Syringe/needle (mm) 
0.2 
0.5 
1.0 
Y = 0.2x t 3.3 0.92 1.47 Y = 0.003x t 0.7 0.86 0.25 
Y = 0.02x t 0.3 0.98 1.28 Y = 0.005x t 0.2 0.99 0.22 
Y = 0.008X t 1.7 0.97 0.61 Y = 0.001x t 0.5 0.93 0.17 
Y = 0.01x t 0.4 0.97 1.27 Y = 0.003x t 0.1 0.95 0.31 
Y = 67.1X t 0.4 0.89 0.88 Y = 13.8X t 0.04 0.67 0.20 
Y = 7.1x + 5.6 0.99 2.06 Y = 1.7x t I.1 0.77 0.35 
Y = 3.2X t 8.0 0.83 1.20 Y =0.8X t I.5 0.94 0.25 
Flow rate = ccimin for the latex tube and cc/s for the needle orifice. r = correlation coefficient: SEE = standard error of the estimate. 
mined between measurements of the same jet as measured and does not reflect the longer duration of flow resulting 
by two observers. from the larger total volumes injected at the same flow rate. 
Jets simulated through latex tubing (Table 1). For the 
latex tube experiments, at a given tube orifice, the spatial 
distribution of simulated regurgitant jets increased with 
increasing flow rate (Fig. 3A). However, when flow rate was 
maintained constant and orifice size varied, there was a 
considerable decrease in the spatial distribution of the jet as 
imaged by Doppler color flow mapping for the larger regur- 
gitant orifices, despite identical flow rates. The linear regres- 
sion analyses for comparison of color jet area with flow rate 
for some of the latex tube orifices are shown in Figure 4. 
There was a good correlation between color jet area and flow 
rate at each individual orifice, but higher flow rates were 
required to maintain the same spatial distribution of the jet at 
the larger regurgitant orifices. Linear regression analysis for 
the comparison of both color jet length and maximal jet 
width with flow rate at each individual orifice was not 
significantly different from those illustrated for color jet area, 
again with good correlation at individual orifices, but with 
significantly higher flow rates required to maintain the same 
intrusion of the jet at the larger regurgitant orifices. 
Factors affecting color encoding (Table 2). For each indi- 
vidual orifice, flow rate was reduced to a level where no 
color encoding of the regurgitant jet was obtained, despite a 
total injected volume of 5 cc. Table 2 displays the lowest 
flow rate required to produce any color encoding of the 
regurgitant jet at each regurgitant orifice using the velocity 
variance mode. Note that higher flow rates were necessary 
at the larger regurgitant orifices to reach the minimal velocity 
required for color encoding. 
Jet simulation: syringe needle model (Table 1). The spatial 
distribution of the simulated regurgitant jets on Doppler 
color flow mapping varied with flow rate at each regurgitant 
orifice (Fig. 3B) even though the total injected volume was 
maintained constant. Linear regression analysis for the 
comparison of color jet area with flow rate at the 0.2,0.5 and 
1.0 mm diameter orifice (Fig. 5) and the comparison of color 
jet length and maximal jet width with flow rate showed 
similar results as those for jet area. When injections at a 
given orifice were performed at constant flow rate, although 
the total injected volume varied, the spatial distribution of 
the maximal jet imaged by Doppler color flow mapping did 
not change significantly. This, of course, was a result of the 
fact that Doppler color flow mapping for determination of 
maximal jet distribution is imaging only at one point in time 
To assess the relative dependency of color encoding on 
velocity and the volume of regurgitation, we created a 
minute orifice (0.04 mm diameter) in a latex tube within the 
water bath and injected flow at a rate of only 0.008 cc/s, but 
at a continuous wave Doppler velocity of 4 m/s to evaluate 
whether color encoding of a negligible regurgitant volume 
could be obtained if the velocity and, hence, driving pressure 
was sufficiently high. Despite the fact that the total injected 
volume over one Doppler color interrogation period to form 
an image was equivalent to only 0.0006 cc, color encoding of 
the regurgitant jet with a measurable area was obtained in 
both velocity variance and power modes (Fig. 3C). 
Pulsatile Flow Model 
Driving pressure, regurgitant pressure drop and jet area 
and volume. Regurgitant jets were well visualized by Dop- 
pler color flow mapping in the pulsatile flow model in both 
the velocity variance and power modes. The effects of 
changing driving pressure and regurgitant stroke volume on 
the spatial distribution of the jet by Doppler color flow 
mapping in the velocity variance mode are shown in Figure 
6. At each regurgitant orifice, changing driving pressure 
caused a considerable change in the spatial distribution of 
the jet on Doppler color imaging (Fig. 6A). There was a 
strong linear correlation between the color-encoded regurgi- 
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Figure 3A. Doppler color flow map images in the velocity variance 
mode of simulated regurgitant jets through the latex tubing of 4.8 
mm diameter at a flow rate of 250 cclmin (left panel) and 780 cclmin 
(right panel). Note that the spatial distribution of the jet increases 
significantly at the higher flow rate. 
Figure 3B. Simulated regurgitant jets through a 1.0 mm diameter 
needle orifice at flow rates of 1 cc/s (left panel) and 0.83 cc/s (right 
panel). Note that the spatial distribution of the regurgitant jet imaged 
tant jet area and the regurgitant pressure drop at each 
regurgitant orifice (Fig. 7), with an overall correlation for the 
combination of all three orifices of r = 0.76. At the same 
in the velocity variance mode decreases at the lower flow rate (right) 
despite the same total injected volume (5 cc). 
Figure 3C. Doppler color flow mapping of regurgitant jet simulated 
through a minute orifice (0.04 mm diameter) at constant flow rate 
(0.008 cc/s) imaged in the velocity variance (left panel) and power 
(right panel) modes with a total injected volume over one color 
interrogation period of only 0.0006 cc. Color jet areas were 1.0 cm2 
(velocity variance mode) and 1.8 cm2 (power mode). 
driving pressure, alteration in regurgitant stroke volume, 
achieved by changing orifice size, did cause an increase in 
color jet area (Fig. 6B), but the magnitude of change was 
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Figure 4. Linear regression analysis for sim- 
ulated regurgitant jets through latex tubing 
under constant flow conditions, comparing 
Doppler color jet area on the ordinate com- 
pared with flow rate on the abscissa for two 
of the four regurgitant orifices (3.2 versus 
7.9 mm). Note that as the regurgitant ori- 
fices increases, the regression relation is 
shifted to the right. For the 7.9 mm tube 
(right), a flow rate >300 cc/min is required 
to achieve the minimal velocity required for 
color encoding of the jet. 
3.2mm Orifice 
r=0.96 
SEE 3.4 
7.9mm Orifice 
P , 
j ry0.97 
0 c SEE 3.2 _q / 
“E /x 
” 
-0c 
: m 
c x /’ 
considerably less than that which resulted from a change in 
driving pressure. Linear regression analysis for comparison 
of color jet area and regurgitant stroke volume at each 
regurgitant orifice again showed that there is a good corre- 
lation at each orifice (Fig. 8). At the 0.2 mm2 orifice, the 
changing pump settings produced very little change in regur- 
gitant stroke volume, but a significant change in color jet 
area, reflecting the changing regurgitant pressure drop. Also, 
the same color jet area would reflect a much higher regurgi- 
tant stroke volume for the larger regurgitant orifices. 
Orifice size versus regurgitant volume, flow rate and jet 
area (Table 3). Over the range of regurgitant pressure gra- 
dients studied, there was a lo-fold increase in regurgitant 
stroke volume when comparing the results for the 0.2 mm* 
with those for the 2.0 mm* orifice, but this was matched by 
only a 2-fold increase in color jet area. Similarly, with 
increasing orifice size, a IO-fold increase in peak flow rate 
was required to produce a 2-fold increase in color jet areas. 
Color jet length and jet width (Table 4). The results for 
color jet length as measured by Doppler color flow mapping 
in the pulsatile flow model were similar to those obtained for 
color jet area, comparing jet length to regurgitant pressure 
drop, regurgitant stroke volume and regurgitant peak flow 
rate at each regurgitant orifice. Again, good correlations 
were obtained at each individual regurgitant orifice, but the 
same jet length reflected significantly higher regurgitant 
stroke volumes and peak flow rates at the larger regurgitant 
orifices. There was a slight but nonsignificant increase in the 
jet width immediately proximal to the left ventricular surface 
of the valve with increasing orifice size (2.7 + 0.7 mm at 0.2 
mm*; 3.2 2 0.3 mm at 2.0 mm*, p = NS), but this measure- 
ment consistently overestimated the actual regurgitant ori- 
fice size. 
Multivariate analysis (Table 5). The results of the multi- 
variate analysis were displayed as the proportion of statisti- 
cal variability for each Doppler color variable accounted for 
by the hemodynamic variables measured in the flow model. 
The hemodynamic data accounted for almost all the variabil- 
ity for color jet area and color jet length, with the pressure- 
related variables accounting for more of the variability than 
that accounted for by the volume variables. 
Velocity variance versus power mode (Table 6). The re- 
gurgitant jets imaged by Doppler color flow mapping using 
the power mode at identical gains were consistently and 
significantly larger than the jets imaged for the same settings 
using the velocity variance mode, and they were larger for 
color jet length, maximal jet width and color jet area. This 
probably reflects the ability of the power mode to assign 
color to the lower velocity flow surrounding the high velocity 
central jet core of the regurgitant flow. Despite the consis- 
tent difference in jet size imaged using the power mode, the 
relation among the jet dimensions of color jet area, length 
and maximal width and the hemodynamic variables of regur- 
gitant pressure drop, regurgitant stroke volume and regurgi- 
tant peak flow rate were similar to those obtained using the 
velocity variance mode. 
Computer analysis of jet area X pixel intensities. The data 
for the summation of pixel velocities, summation of individ- 
ually squared pixel velocities as well as summation of power 
mode intensities were compared with both the regurgitant 
pressure drop (Fig. 9) and regurgitant stroke volume (Fig. 
10). The summation of the pixel velocities squared 
(A x V’) and the summation of the pixel velocities (A x V) 
both correlated better with regurgitant pressure drop than 
with regurgitant stroke volume, but the squared summation 
had a close correlation. The summation of the pixel intensi- 
ties of the regurgitant jets imaged by the power mode, 
however, had a better overall correlation with regurgitant 
stroke volume than with regurgitant pressure drop. 
Discussion 
It has not been possible in clinical studies to predict 
reliably and consistently the severity of valvular regurgita- 
tion from the color-encoded jet area using Doppler color flow 
mapping. Our in vitro studies have investigated the hemo- 
dynamic determinants of the spatial distribution of regurgi- 
tant jets on Doppler color flow mapping under constant flow 
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Figure 5. Linear regression analysis for regurgitant jets simulated 
through each of the three needle orifices, comparing color jet area 
(ordinate) to flow rate (abscissa). Total injected volume was constant 
(5 cc). Note that the slope of the relation changes, decreasing at the 
larger orifices. 
and pulsatile flow conditions with varying orifice size. They 
provide a basis for an improved understanding of the sub- 
stantial information provided by Doppler color flow mapping 
and a more rational basis for the clinical investigation of 
patients with valvular regurgitation using these noninvasive 
methods. Our results suggest that the regurgitant pressure 
drop in valvular insufficiency is a more heavily weighted 
determinant of the spatial distribution of regurgitant jets on 
Doppler color flow mapping than is the volume of regurgita- 
tion. 
Table 2. Minimal Flow Rates Required at Each Needle Orifice 
Diameter to Obtain Color Encoding of the Regurgitant Jet Using 
the Velocity Variance Mode 
Minimal Flow Rates for Color Encoding 
Orifice Diameter Flow Rate 
(mm) (cc/s) 
0.2 0.07 
0.5 0.2 
I.0 0.3 
Relation Between Flow Rate and Orijke Size 
We have demonstrated that the spatial distribution of 
regurgitant jets simulated under constant flow conditions and 
imaged by Doppler color flow mapping is highly dependent 
on flow rate, but only at a given orifice, and that consider- 
ably higher flow rates are required to maintain the same 
spatial distribution of a jet through a larger regurgitant 
orifice. The relation of regurgitant flow rate and orifice size is 
described in the equation: flow rate (cc/s) = regurgitant 
orifice (cm2) x spatial velocity (cm/s). If the regurgitant 
orifice is maintained constant and flow rate is increased, 
there will be an increase in the spatial velocity and, as we 
have demonstrated, an increase in the spatial distribution of 
the jet as imaged by Doppler color flow mapping. Similarly, 
if flow rate is maintained constant and regurgitant orifice size 
is increased, there will be a proportional decrease in spatial 
velocity and a decrease in the spatial distribution of the jet 
on Doppler color flow map imaging. Therefore, it would 
appear that the spatial distribution of regurgitant jets imaged 
by Doppler color flow mapping is closely related to the 
velocity of regurgitation and, hence, to driving pressure, 
rather than directly to orifice size or flow rate. This.would 
explain why significantly higher flow rates were required to 
maintain the same spatial distribution of the regurgitant jets 
at larger regurgitant orifices. 
The Bernoulli relation between velocity and driving pres- 
sure across an orifice has been well estublished (la-29), such 
that at increasing driving pressure, higher distal velocities 
are generated. It would seem reasonable to assume that in 
valvular regurgitation, the spatial distribution of these high 
velocity and, to some extent, variable “turbulent” jets 
would also be increased when imaged by Doppler color flow 
mapping. 
Color encoding of regurgitant jets is velocity-dependent. 
The relative dependence of color encoding on pixel velocity 
and the volume of moving cells within the pixel (the Doppler 
power) is crucial to the understanding of how regurgitant jets 
are imaged by Doppler color flow mapping. In the syringe/ 
needle experiment, there was a minimal flow rate and, 
hence, velocity required for color encoding of the jet at any 
given regurgitant orifice, and no color encoding was 
achieved below the minimal velocity threshold despite a 
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significant injected volume. Similarly, with the minute hole 
created in a latex tube (Fig. 3C), excellent color encoding of 
the high velocity was obtained despite the trivial injected 
volume, and although the spatial distribution of the jet 
imaged by Doppler color flow mapping was small, it would 
clearly still overestimate the very small regurgitant volume. 
These results suggest that color encoding of regurgitant jets 
on Doppler color flow mapping is almost entirely velocity- 
dependent and is much less altered by the volume of 
regurgitation. 
Color Flow Algorithms 
Velocity-variance color algorithm for analyzing regurgitant 
jets. Color encoding of regurgitant jets on Doppler color 
flow mapping is clearly dependent on the particular color 
flow map algorithm used for display of the velocity informa- 
tion. Under pulsatile flow conditions, we studied both the 
velocity variance and power mode algorithms and their 
effect on the spatial distribution of regurgitant jets as imaged 
by Doppler color flow mapping. In the velocity variance 
mode, color is assigned, dependent on the flow direction, 
with blue assigned for flow away from the transducer and red 
for flow toward the transducer, with higher color intensity 
indicating higher velocity. Velocity is determined by the 
Figure 6. Doppler color flow map images in the velocity variance 
mode from pulsatile flow model. A, At the 0.6 mm’ regurgitant 
orifice and a regurgitant pressure drop of 55 mm Hg (left panel) and 
180 mm Hg (right panel) with flow directed toward the ultrasound 
transducer. The spatial distribution of the jet is markedly increased 
at the higher regurgitant pressure drop. B, The 0.2 mm’ orifice (left 
panel) and the 2.0 mm’ orifice (right panel), both at the same 
regurgitant pressure drop. The increase in the spatial distribution of 
the jet at the larger regurgitant orifice is less marked than the effect 
of the varying pressure drop shown in A. BP = change in pressure. 
phase difference of successive ultrasound pulses, with larger 
phase differences indicating higher velocity flow (30). An 
improvement in the signal to noise ratio for this determina- 
tion occurs with larger phase differences and, hence, the 
velocity variance mode is more sensitive to higher velocities. 
Additionally, when there is a statistical variation in the phase 
differences of successive pulses in the ultrasound pulse train, 
which is often associated with the presence of turbulent 
flow, this “variance” will be overlayed as green, producing 
a mosaic pattern with hues of yellow, orange and turquoise 
(Fig. 6). Because the turbulence or variance within the signal 
is very closely related to the driving pressure, turbulence, or 
spectral variance. itself, by Doppler echocardiography has 
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Figure 7. Linear regression analysis for regurgitant jets imaged in the 
pulsatile flow model comparing color jet area (ordinate) with regur- 
gitant (Regurg) pressure drop (abscissa) for each regurgitant orifice. 
been used as an estimation of the severity of valvular 
stenosis. 
The results obtained from the pulsatile flow model using 
this velocity variance color algorithm, but in a more physi- 
ologic and controlled evaluation of “mitral” regurgitation, 
would seem to complement the results of the constant flow 
experiments, with the effect of velocity or driving pressure 
being a more important factor than the effect of regurgitant 
volume in determining the spatial distribution of jets imaged 
by Doppler color flow mapping. Although the absolute 
regurgitant stroke volumes in this study were small, as 
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Figure 8. Linear regression analysis for regurgitant jets imaged in the 
pulsatile flow model comparing color jet area (ordinate) with regur- 
gitant (Regurg) stroke volume (abscissa) for each regurgitant orifice. 
Note the decreasing slopes from the smaller to larger orifices. 
determined by the design of the flow model, the percent 
change was considerable, and the relative effects of driving 
pressure and regurgitant volume are similar to those sug- 
gested from clinical studies (31). Similarly, when an estima- 
tion of jet energy, or kinetic energy, was made (using the 
integration of A x V*) with the velocity variance mode, this 
correlated best with the driving pressure, which is a reflec- 
tion of jet potential energy, rather than with the volume of 
regurgitation. This suggests that the velocity variance algo- 
rithm encodes color almost entirely as a function of velocity 
and does not include a significant volume component and 
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Table 3. Change in Regurgitant Stroke Volume, Peak Table 5. Multivariate Analysis of Hemodynamic Variables From 
Regurgitant Flow and Color Jet Area From the 0.2 to 2.0 mm’ Pulsatile Flow Model Displays the Proportion of Statistical 
Regurgitant Orifice Variables* for Color Jet Area, Length and Width 
Orifice Size Proportion of Statistical Variability Explained (%) 
0.2 mm’ 2.0 mm’ 
Regurgitant stroke volume (cc) 0.1 -t 0.02 1.0 ?; O.? 
Peak flow rate (cc/s) I.1 + 0.2 11.0 -f 2.1: 
Color jet area Icm’) I A ? 0.9 3.h 2 1.0” 
“p < 0.05: tp < 0.001. Mean values and standard deviations for the range 
of regurgitant pressure drops at each orifice are shown. 
Regurg 
All Variables Pressure Regurg 
Combined Drop Volume 
Color jet area 97 59 55 
Color jet length 92 hl 38 
Color jet width 83 49 50 
‘Variables included regurgitant (Regurg) pressure drop. regurgitant stroke 
volume. mean flow rate and peak flow rate. 
cannot, therefore, be used to provide a time estimate of jet 
energy. Because the viscosity of the cornstarch particle- 
water solution used in this experiment is less than the 
physiologic viscosity of blood, it is possible that the kinetic 
effects of the regurgitant jets may have been accentuated and 
the relation of estimated jet energy with regurgitant pressure 
drop exaggerated as a result. However, these differences in 
viscosity should not present a significant problem with the 
high Reynolds numbers associated with turbulent flow. 
Power mode algorithm for color intensity. The power 
mode algorithm assigns color as a function of the amplitude 
or intensity of the received signal in addition to determining 
the phase difference, so that directional information is main- 
tained as red flow (toward) and blue flow (away), but the 
color intensities reflect the amplitude of the Doppler signal 
rather than the velocity of flow. Color intensity of the power 
mode is, therefore, a function of the number of moving cells 
in addition to their velocity. It is necessary for the power 
mode to have a velocity component because it would not be 
possible to separate a display of only amplitude information 
from random noise. The addition of a velocity component 
allows exclusion of extraneous nonmoving or random signals 
by the moving target indicator of the Doppler color flow 
mapping system. The power mode. by displaying a combi- 
nation of volume of cells and velocity, is more sensitive to 
large numbers of cells moving at low velocity. This ability of 
the power mode to better image low velocity flow probably 
accounts for the consistently larger jets imaged using this 
algorithm, with power mode assigning color to the low 
velocity flows surrounding the high velocity central jet core 
because low velocity turbulence is not well encoded by flow 
map devices using conventional velocity variance algorithms 
(32). 
The inherent contribution of volume to the images ob- 
tained using the power mode accounts for the fact that 
summation of the power mode pixel intensities for each 
regurgitant jet provided a reasonable correlation with the 
volume of regurgitation and correlated better with the regur- 
gitant stroke volume than with the driving pressure. How- 
ever. when the power mode was used to image the high 
velocity jet through the minute latex tube orifice (Fig. 3C), 
good color encoding of the jet was obtained, and the spatial 
distribution of the jet was larger than that imaged using the 
velocity variance mode. Although the power mode would 
appear to be more useful in assessing the volume of regur- 
gitation than the velocity variance mode, color encoding in 
this mode is still, to some extent, dependent on velocity. 
Table 4. Results of Linear Regression Analysis for Comparison of 
Jet Length With Regurgitant Pressure Drop, Regurgitant Stroke 
Volume and Peak Regurgitant Flow Rate at Each Regurgitant 
Orifice Under Pulsatile Flow Conditions 
Orifice 
Size Regression 
(mm) Equation r SEE 
Regurgitant pressure drop 0.2 Y = 0.01x t 0.9 0.99 0. I 
(mm Hg) versus jet 0.6 Y = 0.02x t 1.4 0.97 0.2 
length (cm) 2.0 Y = 0.01x t 2.2 0.96 0. I 
Regurgitant stroke volume 0.2 Y = 22.0x t 0.7 0.81 0.3 
(cc) versus jet length 0.6 Y = 12.0x + 0.6 0.88 0.3 
(cm) 2.0 Y = 2.4x + I.4 0.91 0.2 
Peak regurgitant flow rate 0.2 Y = 3.0x - 0.5 0.98 0.1 
(cc/s) versus jet length 0.6 Y = 1.3x - 0.6 0.98 0.1 
(cm) 2.0 Y = 0.3x + 0.9 0.92 0.2 
r = correlation coefficient; SEE = standard error of the estimate. 
Entrainment of surroundingJuid in the left atrium by the 
high velocity regurgitmnt jet causes expansion of the jet as it 
decelerates within the atrium (a result of conservation of 
momentum) and. therefore, the spatial distribution of the jet 
will overestimate the actual volume of regurgitation. How- 
ever. because larger regurgitant volumes will cause more 
Table 6. Comparison of the Regurgitant Jet Dimensions as Imaged 
by Velocity Variance and Power Modes in the Pulsatile 
Flow Model 
Velocity 
Variance Mode Power Mode 
Color jet area (cm’) 2.75 ? I.15 3.24 ? l.l6* 
Color jet length (cm) 3.29 + 0.78 3.41 r 0.8?* 
Color jet width (cm) 1.02 +_ 0.25 1.14 ? 0.20 
‘p < 0.001. Mean values and standard deviations for the group are shown. 
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Figure 9. Linear regression analysis for the comparison of regurgi- 
tant (Regurg) pressure drop (abscissa) with the sum of pixel 
velocities (Vels) (A x V) (top panel) on the ordinate, the sum of the 
individual pixel velocities squared (A x V*) (middle panel) and the 
sum of the power model intensities (lower panel) for the combination 
of all three regurgitant orifices, 
fluid to be entrained, the sum of the power mode intensities 
will still accurately reflect the severity of regurgitation. 
Conclusions. The spatial distribution of mitral regurgitant 
jets imaged by Doppler color flow mapping is dependent on 
a number of interrelated hemodynamic variables including 
regurgitant pressure drop, flow rate and regurgitant stroke 
volume. However, the spatial distribution of these jets as 
imaged in vitro would appear to be most highly 
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Figure 10. Linear regression analysis for the comparison of regur- 
gitant (Regurg) stroke volume (abscissa) to the sum of pixel veloci- 
ties (Vels) (A x V) (top panel) on the ordinate, the sum of the 
individual pixel velocities squared (A X V*) (middle panel) and the 
sum of the power mode intensities (lower panel) for the combination 
of all three regurgitant orifices. 
dependent on the regurgitant pressure drop. The consider- 
able effects of velocity and, hence, driving pressure on the 
spatial distribution of regurgitant jets have a known theoret- 
ical basis (33,34). This, in combination with extreme velocity 
dependence of color encoding, may account for some of the 
difficulties encountered in accurately assessing the severity 
of mitral regurgitation from Doppler color flow map images. 
It would seem important to interpret the spatial distribution 
JACC Vol. 13, No. 5 SIMPSON ET AL. 1207 
April 1989: 1195-207 DOPPLER COLOR FLOW MAPPING OF REGURGITANT JETS 
of regurgitant jets imaged by Doppler color flow mapping in 
individual patients with full awareness of the patient’s he- 
modynamic profile, with particular regard to blood pressure 
and mitral regurgitant velocity as measured by continuous 
wave Doppler ultrasound. 
Most clinical investigations of valvular insufficiency eval- 
uated by Doppler color flow mapping have been performed 
using the velocity variance mode. The use of other Doppler 
color flow map algorithms such as the power mode, which 
have Doppler amplitude information in addition to a velocity 
dependency, may be more suited to the quantitative assess- 
ment of mitral insufficiency in the clinical setting. 
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